Estimations of Leaf Area Index (LAI) have recently gained attention due to the sensitivity to the effects of climate change and its impact on forest ecosystems. Hence, a study was conducted on the LAI estimation of four vegetation types: (i) gallery forests, (ii) woodland savannas, (iii) tree savannas, and (iv) shrub savannas, at two protected areas of Nazinga Game Ranch and Bontioli Nature Reserve, Burkina Faso. A relationship between LAI and Crown Diameter was also investigated at these two sites. Digital hemispherical photography was used for the LAI estimation. Crown diameters (CD) were determined perpendicular to each other and averaged for each tree and shrub. Overall results revealed that LAI ranged from 0-1.33 and the CD was recorded in the range of 0.46-11.01 m. The gallery forests recorded the highest mean LAI 1.33 ± 0.32 as well as the highest mean CD 7.69 ± 1.90 m. The LAI for the vegetation types were at their lower ends as the study was conducted in summer season, higher values are therefore expected in the wet season, as a significant correlation between LAI and precipitation has been emphasized by various studies. Continuous LAI monitoring and studies on various growth parameters of different vegetation types at the study sites are recommended towards enhanced monitoring and an ecologically feasible forest-and savanna-use and management to maintain essential ecosystem functions and services.
INTRODUCTION
The Leaf Area Index (LAI) is defined as the half of the total green leaf area per unit of horizontal ground surface area (Chen & Black, 1992) . Recently, it has been receiving more attention because of the increasing demands of forest growth parameters estimates in the light of forests role in carbon sequestration (Mustafa et al. 2014) . LAI is a dimensionless variable (Fieber et al., 2014) . It is also helpful in the identification of canopy structural responses to competitions, diseases and climate change. It can be measured through direct contact i.e. (destructive sampling of leaves) and by indirect optical methods (i.e. hemispherical photography, measurements of radiation through canopy) .
Digital hemispherical photography (DHP) has been used as an indirect method for LAI estimation since 1970s and has also gained resurgence with the development of photographic and processing technology in recent years (Nfon et al., 2011) . DHP has various advantages compared to other direct and indirect LAI estimation methods such as low processing time, low financial expenditures, ease of operation and possibility of establishing a permanent record of canopy formation (Zhao et al., 2014) . DHP has, therefore, been used for many canopy types ranging from tall trees to small shrubs and herbaceous canopies (Chianucci & Cutini, 2013) . And it is considered an important tool for assessments of canopy structures (Lindner, 2011) .
A very essential part of forest physiognomic research is the development of allometric equations between LAI and various biophysical parameters such as Crown Diameter (CD) (Vyas et al., 2010) . Biophysical relationships can be helpful in estimating LAI without the use of the destructive sampling . These estimations through allometric relationships have also been emphasized for their accuracy in comparison to the use of complex models and expensive methods such as DHP etc. (Pompelli et al., 2012) . Many studies have shown relationships between LAI and different biophysical parameters for various trees species, too (Arias et al., 2007) .
Our study investigates the LAI in the vegetation types of two protected areas in Burkina Faso: Nazinga Game Ranch and Bontioli Nature Reserve. The need is also aggravated due to scarcity of the data on LAI for tropical savannah regions (Unger et al., 2013) . Our study also investigates the relationship between LAI and CD (m), which will therefore help in designing appropriate management strategies for the two above mentioned protected areas in the future (Khosravi et al., 2012) .
MATERIALS AND METHODS

Study Sites
The Nazinga Game Ranch is a protected area, classified as "Wildlife Reserve" according to the Burkina Faso's legislation. It is spread over an area of 97,536 ha (Hema et al., 2011) . It was created back in 1979 (Vermeulen et al., 2010) . The area is a very well known tourist attraction (Kristensen & Balslev, 2003) .
The Nazinga Game Ranch has a single dry season from October to May and a single rainy season from June to September each year. The mean annual rainfall is 900 mm (Hema et al., 2011) . The mean altitude is 280 m (Jenks et al., 2007) . The mean temperature is 28°C for the period 2000 to 2010 (MSP, 2010) . It is traversed by the Sessile River and its two tributaries i.e. the Dawevele and the Nazinga Rivers, which are marked by their seasonal flows.
The vegetation of Nazinga Game Ranch has the characteristics of Southern Sudanian savanna. The vegetation includes Vitellaria paradoxa C.F. Gaertn., Terminalia laxiflora Engl. & Diels, Gardenia erubescens Stapf & Hutch., Afzelia africana Sm., Anogeissus leiocarpa (DC.) Guill. & Perr. etc. (Dekker, 1985) . Similarly, representative plant families include Caesalpiniaceae, Combretaceae, Rubiaceae, Celastraceae, Rubiaceae, Mimosaceae, Apocynaceae, Bignoniaceae, Sapotaceae and Ebenaceae.
The Nazinga Game Ranch has been divided into four zones i.e. Conservation Zone, Buffer Zone, Hunting Zone and Village Hunting Zone, for management purposes. The Conservation Zone consists of 9%, Buffer Zone 5% and the Hunting Zone and the Village Hunting Zone together form 86% of the total area (Jenks et al., 2007) . There are few villages located in the Hunting Zone and Village Hunting Zone. The Nazinga Game Ranch once had been known to be one of the least populated areas in Burkina Faso (Hema et al., 2011) . But the Sahelian droughts in 1970s resulted in the increasing migrations in this area (Hema et al., 2011) . The agriculture has been the major source of subsistence for the local people, with major crops being Zea mays L., Sorghum bicolor (L.) Moench, Pennisetum glaucum (L.) R. Br., Arachis hypogaea L., Gossypium barbadense L.
The Bontioli Nature Reserve is also a protected area, categorized as a "Nature Reserve" according to the Burkina Faso's legislation (Tia, 2007) . It is situated in the province of Bougouriba and lies within the Volta basin (Tia, 2007) . It is spread over an area of 25,000 ha (Tia, 2007) . The Bontioli Nature Reserve was created in 1957 (Von Buschfeuern, 2010) . It is located 280 km away from the capital city of Ouagadougou, 35 km south of Dano, a small town in Burkina Faso.
The vegetation of the Bontioli Nature Reserve has the characteristics of the Southern Sudanian savanna. The rainy season is from May to October and the dry season from November to April (Grote et al., 2009) . The rainfall is between 900-1000 mm year -1 (Tia, 2007) . The mean temperature of 27.1 °C has been recorded for the period of [2004] [2005] [2006] . The main river is the Bougouriba, responsible for governing the hydrographical network within the Bontioli Nature Reserve (Tia, 2007) . The river is spread over the length of 406 km having a slope of 0.2 m km -1 (Moniod et al., 1977) . The highest altitude is 350 m and the lowest altitude is 250 m.
The tree species of the Bontioli Nature Reserve include Burkea africana Hook., Pterocarpus erinaceus Poir., Crossopteryx febrifuga (Afz. ex G. Don) Benth., Combretum glutinosum Perr. ex DC. etc.. Similarly, the representative plant families consist of Mimosaceae, Combretaceae, Euphorbiaceae, Caesalpiniaceae, Rubiaceae, Tiliaceae, Anacardiaceae, Fabaceae, Meliaceae, Bignoniaceae, Sapotaceae and Olacaceae etc.
Sampling Approach
We adopted the random sampling method for our study (Gibbs et al., 2007) . First, the vegetation at both sites was divided into different types: (i) gallery forests, (ii) woodland savannas, (iii) tree savannas, and (iv) shrub savannas, based on their floristic composition (Dimobe et al. 2014) . Shrubs were defined as the multi-stemmed vegetation originating from the same root and having ≤ 2 m height. Referring to FAO standards when defining shrublands, the height limits for trees and shrubs should be interpreted with flexibility, particularly the minimum tree and maximum shrub height (FAO, 2004) ; that is why for the studied vegetation a rather low value was selected to closely match the characteristics. Due to the similarities in the floral composition of shrub and tree savannas, the shrub savannas were categorized by a shrub cover of approximately 75% and above (Altamirano et al., 2013; Chojnacky & Milton, 2008; Pfeifer et al., 2014) .
Overall 40 plots were established at both sites, 5 plots each in every vegetation type at both sites. The plots had a size of 20 m × 20 m each (Holdaway et al., 2014) . Measuring tape was used to measure the sides of the plots, and on each side every time the tape was left for better identification of the boundaries. The area of each plot was 0.04 hectares (ha), and the total sampled area was 1.6 ha. The distance between plots was more than 100 m (Fischer et al., 2011) . The tree and shrub individuals with a diameter at breast height (dbh) ≥ 5 cm were identified with the help of local botanists.
LAI estimation
There were 16 hemispherical photographs were taken at each plot and 640 for overall 40 plots. These photographs were taken in dry season from February-March (Leblanc et al., 2005) to avoid an overlap with the transition into the wet season -due to resource limitations another distinct data set for the wet season could not be compiled yet.
The sampling scheme for digital hemispherical photography was adopted according to Fig.  1 . Before the start of the hemispherical photography, plots were cleared from any obstacles closer than 0.5m to the camera lens at any photo point to minimize measurement errors. Similarly, care was taken so that the fisheye lens would not be obscured by the tall grasses (Chianucci & Cutini, 2013) . The photographs were taken with Nikon TM Coolpix 4500 digital camera which had a Nikon TM FC-E8 fisheye converter mounted on a stand 1.3 m above ground level (Lindner & Sattler, 2012 ). The vegetation above 1.3m (camera height) was photographed and considered for LAI estimation. The understorey vegetation (grasses etc.) was, therefore, excluded from the estimation and was also not a part of the study. The aperture and shutter speed of the camera was adjusted to automatic mode. The photographs were auto-exposed. The tripod was always levelled with the help of spirit level present on the top side of the tripod before taking the photographs (Liu et al., 2013) . The camera was always aligned to the North with the help of a magnetic compass before every photograph (Olivas et al., 2013) . The photographs (Fig. 2) were taken by the same person so that the same protocol could be followed throughout (Ryu et al., 2010) . The WinScanopy 2005ab software (Regent Instruments Inc., 2005) was used to analyze the hemispherical photographs and to derive data about canopy openness (CO) and LAI. For the camera and lens used, the according calibration file by Regent Instruments Inc. was used. Canopy openness is defined as the proportion of open sky area in a 180° hemisphere monitored from a centre point. Pixels of digital images are to be classified as either ''canopy'' or ''sky'' based on the grayscale threshold value. Hereby the automatic global threshold pixels classification method provided by the software was used. The LI-COR LAI2000 modified algorithm (assuming random leaf distribution, transmittance is equivalent to gap fraction, modelled by the Poisson model) was used to calculate LAI values (Welles & Norman, 1991) .
Crown Diameter Estimation
Crown diameters (CD) are the average of the lengths of longest spread from edge to edge across the crown and the longest spread perpendicular to the first cross-section through the central mass of the crown (Blozan 2006 , Scholes et al., 2004 . Measurements were taken independently of trunk positions. The CDs measurements were taken in the same sampling plots as described above for LAI estimations. An average value for both the CDs was calculated in meters for each tree and shrub in every plot.
Statistical Analysis
All the means and standard deviations were calculated for LAI and CD per plot. To assess the normality of mean LAI and CD across both sites, the Shapiro Wilk-Normality Test (S-W) was used. The mean LAI and mean CD were not normally distributed. The non-parametric tests, the Wilcoxon Rank Sum Test (W) and the Kruskal Wallis Rank Sum Test (K-W) were used (Oliveira et al., 2014) . The Wilcoxon Rank Sum Test (W) was used to compare the LAI for the two sites. The Kruskal Wallis Rank Sum Test (K-W) was used for the comparison of LAI and CD across four vegetation types at both sites. The post-hoc Tukey's Honest Significant Difference (HSD) Test was used for seeing differences between vegetation types in pairs after using the Kruskal Wallis Rank Sum Test (K-W) for the LAI across four vegetation types at two sites. Boxplots in figures were presented on the base of median values instead of means for LAI, to provide an extended view on the range of data distribution. A confidence interval of 95% (significance level of 0.05) was used for all the statistical analysis. All statistical analysis was performed using the version 3.1.0 of R (R Core Team 2014).
RESULTS
The LAI values for Nazinga Game Ranch and Bontioli Nature Reserve were recorded in the ranges of 0.01-1.32 and 0.01-1.33 respectively. The LAI across the two sites of Nazinga Game Ranch and Bontioli Nature Reserve was not statistically different from each other (Fig.  3) . The gallery forest showed the highest mean LAI of 1.33 ± 0.32 (median: 0.81), whereas the shrub savanna showed the lowest mean LAI of 0.02 ± 0.02 (median: 0.02) across the two sites (Fig. 4) . Statistical differences were also recorded in LAI among different vegetation types across the two sites though (Fig. 4) ; except that there were no significant differences among tree savanna and shrub savanna (p ˃ 0.05) and between woodland savanna and tree savanna (p ˃ 0.05).
CD was significantly different among different vegetation types across the two sites though (Table 1) . Fig. 4: LAI distribution across vegetation types at the two sites. The bold horizontal line per box represents the median. Statistical differences were recorded in LAI among different vegetation types; except there was no significant difference among tree savanna and shrub savanna and between woodland savanna and tree savanna. 
DISCUSSION
According to our research, only two studies related to LAI estimation have been conducted in Bontioli Nature Reserve alone. In one of the studies, Tia (2007) No LAI values for other vegetation types were reported from Bontioli Nature Reserve. Tia (2007) , however, mainly attributed their higher LAI values for shrub savannas to the competing tall grasses of more than 3 m in height. Our studydid not consider the grasses for LAI estimation in any of the vegetation type. Tia (2007) also pointed out that lower values of LAI can be observed in the dry seasons. Our study estimates LAI for the dry season. LAI thus can be variable within a year and within different seasons and therefore has different responses to various land cover changes and moreover, it can also be variable between different locations (Scholes et al., 2004) .
Another study of Ky-Dembele et al. (2014) reported LAI values in the range of 1-5.7 with a mean of 3.2 for Bontioli Nature Reserve. Brümmer et al. (2008) recorded these values in September 2005, a wet season in Bontioli Nature Reserve, again could be the reason why LAI values at higher end when compared to our study. Wagner et al. (2009) had reported LAI values ranging from 0.5-1.5 for the dry season (November and April) for the northern part of the White Volta catchment situated upstream of Lake Volta in Northern Ghana and Burkina Faso. Wagner et al. (2009) also reported the LAI values for rainy season (May-October) for the southern part of the same catchment which ranged between 0.5-2.5. A contrast between the dry season and wet season can also be noticed in the results of Wagner et al. (2009) .
It was observed during the dry season that tree species had lost their leaves and their crowns did not seem dense. The LAI values were recorded in the range of 0-1.33 for this study for both the sides during this dry season. It is therefore expected that LAI values will be at their higher values in the wet season, from May to October, in the site areas (Grote et al., 2009) . Not much variation was recorded between the two sites. The results for the LAI estimation showed that the difference between the two sites is also not statistically significant (Fig. 1) . Both of the sites are the representation of a similar agro-ecological zone, Southern Sudanian Savanna, having a pronounced dry season of 4-6 months with 1000-1200 mm of annual rainfall (Ky-Dembele et al., 2014; Ministry of Environment and Sustainable Development, 2013) . The climatic conditions of both sites are similar and the site conditions were also not found to be of much difference as observed.
The LAI estimates, however, were significantly different when comparing the vegetation types (Fig. 2) . In gallery forests there was the highest mean LAI, 1.33 ± 0.32 (median: 0.81), comparing to the other vegetation types. This could be due to overall bigger and denser crown sizes compared to the other vegetation types. The shape and structure of crown can give an indication of the amount of the light penetration through these crowns which in turn can help in identification of the site competition and the growth of the vegetation. Light, as we know, is an important factor for the growth and vitality of the trees (Johansson, 1996) . The other attribute, CD, also emphasized this factor. The results also showed that gallery forests had the highest CD, 7.69 ± 1.90 m, comparing to the other vegetation types.
LAI is one of the most important parameter of forest structure (Biudes et al., 2014) . However, there is a deficiency of LAI data from the tropical regions, especially across degraded vegetation types (Altamirano et al., 2013) . But continuous monitoring of LAI is challenging and requires frequent visits (Gonsamo & Chen, 2014) . The indirect measurements, such as the use of allometric equations, therefore, can prove useful for LAI estimations .
Our study was the first attempt in Nazinga Game Ranch, for which no study on LAI estimation to our knowledge exists. However, for in depth understanding of LAI at these two sites, studies in winter season are highly recommended. We can say that during this season the vegetation is lush green and therefore inclusion of LAI estimations from this season is a must. Nevertheless, LAI estimations from dry season can also provide a good comparison with the LAI values for winter season and could initiate a good discussion towards the LAI characteristics of different vegetation types at these two sites for the two seasons. Long term LAI monitoring is considered important for the overall management of the vegetation. Now with the challenges of climate change, the researches of forest structures and their compositions and inter-linkages between their various bio-physical parameters have also become essential. The better understanding of which can assist in monitoring and drawing better strategies for a sustainable forest and savanna management (Dimobe et al., 2015) .
